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The synchrotron-based small-angle X-ray scattering (SAXS) technique was used
to investigate the shear-induced crystallization kinetics of branched/unbranched
poly(ethylene terephthalate) (PET). Reactive extrusion of bottle-grade PET
with the branching and chain-extension agents pyromellitic dianhydride and
pentaerythritol results in enhanced rheological properties, such as higher melt
strength and higher viscosity. In this study, six samples of PET were investigated:
linear PET [intrinsic viscosity (IV) ’ 0.76 dm3 g1]; four branched PETs
produced from linear PET by a reactive extrusion technique (IV ’ 0.86–
1.06 dm3 g1); and a control PET (IV ’ 0.73 dm3 g1) extruded under the same
conditions without reactive agents. SAXS data were recorded for the PET at the
melt temperature and time-resolved SAXS data were recorded following the
application of a step shear (53 s1 for 2 s). As the PET IV was increased, the
extent of shear-induced orientation increased, whilst the time taken for the
polymer to initiate and complete crystallization decreased.
1. Introduction
The majority of commercial polymer processing involves the appli-
cation of shear stresses to molten polymers. To analyse the effects of
polymer architecture combined with shear stress, a study was
undertaken on the crystallization kinetics of a series of different
grades of poly(ethylene terephthalate) (PET) prepared using a novel
reactive extrusion process (Van Diepen et al., 1998). Reactive
extrusion of bottle-grade PET with the branching and chain-exten-
sion agents pyromellitic dianhydride (PMDA) and pentaerythritol
(penta) resulted in enhanced rheological properties, such as higher
melt strength and higher viscosity (Van Diepen et al., 1998; Forsythe
et al., 2006).
A key finding of a previous isothermal crystallization study of these
novel PETs under quiescent conditions (zero shear) (Hanley et al.,
2006) was that the reactive extrusion process significantly modified
the crystallization kinetics and changed the final polymer
morphology. In summary, the rate of melt crystallization of the
branched PET was reduced by up to ~20% and the lamella spacing
reduced by ~10%. In particular it was found that varying the relative
amounts of PMDA and penta gave significantly higher melt strengths
and viscosities compared to the addition of PMDA alone. The
improvements as a result of co-addition included lower extruder
torque values, die pressures and melt temperatures, and consequently
lower levels of degradation. The additives worked in two ways: (i) the
alcoholysis of the PET by the added penta produced a branched PET;
and (ii) the PMDA caused chain extension and repair of the chain
scissions that occur during alcoholysis. The resulting PET was
investigated by a combination of rheology, end-group analyses and
gel permeation chromatography (GPC) and was found to be a
hyperbranched polyester with long-chain branching (Forsythe et al.,
2006). The extent of branching and the length of branches were
related to the concentrations of co-additives used in the reactive
extrusion process.
Small-angle X-ray scattering (SAXS) is a valuable technique for
exploring the crystallization kinetics of polymers. SAXS investiga-
tions of PET crystallization have been the subject of many previous
studies (Haubruge et al., 2004, 2003; Xia et al., 2001; Ivanov et al.,
2001; Wang et al., 1999; Rule et al., 1995; Lee et al., 2003; Mahen-
drasingam et al., 2003; Sutton et al., 2005); however, none to date have
focused on branched PET, apart from our own quiescent studies
(Hanley et al., 2006). In an attempt to more closely approximate
commercial processing conditions, several research groups are
currently conducting real-time SAXS experiments to study shear-
induced crystallization, especially in thermoplastics (Heeley et al.,
2003; Koscher & Fulchiron, 2002; Agarwal et al., 2003; Stribeck et al.,
2004; Somani et al., 2000; Kornfield et al., 2002; Kumaraswamy et al.,
2004; Duplay et al., 2000). The present study followed this trend,
where model shear experiments were combined with in-situ SAXS
measurements. These dynamic measurements allow the effects of
chain architecture to be investigated during the molecular structure
development stage.
The shear-induced crystallization of polymers has been found
previously to depend upon the molar mass components of the
polymer material as well as the type and extent of branching. Seki et
al. (2002) were able to demonstrate the key role played by a small
percentage of the high molar mass component in polypropylene (PP)
in shear-induced crystallization. It was found that above a critical
‡ Present address: MDL Basell, Geelong, Australia
} Present address: Chemistry Department, The Open University, UK
concentration, the rate of crystallization was increased and the
degree of orientation in the final morphology was also increased. It
was suggested that the high molar mass components had more
entanglements and therefore a greater extent of chain alignment that
had a nucleating effect on the subsequent crystallization process. In a
further study by Agarwal et al. (2003) on the effect of long-chain
branching of isotactic PP (iPP), it was found that the shear-induced
crystallization was significantly altered to that of linear iPP. Long-
chain branching increased the amount of induced orientation as well
as increasing the rate of crystallization, which was attributed to the
long relaxation time of the highly branched species acting as nucle-
ating sites.
It was intended in this study to observe the effect of chain archi-
tecture on the shear-induced crystallization of novel PETs. The
synchrotron-based SAXS technique was used to investigate the
shear-induced crystallization kinetics of branched/unbranched PETs.
Six types of PET were investigated: linear (unprocessed) PET; four
branched PETs produced from linear PET by a reactive extrusion
technique; and a control PET extruded under the same conditions
without reactive agents.
2. Experimental
In this study, the six PETs were chosen to cover a wide range of the
possible sample preparation variables, and thus the end products.
Table 1 is a summary of the sample properties, which include the
reactive extrusion additive concentrations, chromatography results
(GPC), intrinsic viscosity (IV), and melt flow indices (MFIs). PET-V
was a commercially available PET, Eastman PET 9663 E0002,
purchased from Eastman Chemical Company and used as received.
PET-A was a control sample prepared by processing PET-V in the
extruder under the same conditions as used for the reactive extrusion,
but without any chemical additives. This process gives a direct
measure of the degree of degradation and change that occurred as a
result of the heating and shearing processes. The other four samples
(PET-B, C, D and E) were prepared by reactive extrusion of the PET-
V with chemical additives; a tetrafunctional acid anhydride pyro-
mellitic dianhydride (PMDA) (supplied by Indspec, USA) and a
polyhydric alcohol pentaerythritol, added in different concentrations
for the different samples. The reactive extrusion was performed using
a JSW TEX-30 twin screw extruder in a co-rotating mode at 553 K.
IV measurements were measured in duplicate using a PAAR
AMW200 viscometer at 303 K. PET samples of 0.1 g were dissolved
in 25 ml of solvent (60/40 w/w phenol/tetrachloroethane mixture) at
378  2 K for 30 min prior to measurement.
GPC was performed on a Hewlett Packard 1090 liquid chroma-
tograph equipped with a diode array detector. The detection wave-
length was 270 nm. A set of four Waters Styrogel columns (HR1,
HR2, HR4, HT5 each 7.8  300 mm) were used which covered the
nominal molecular weight (Mw) range 200–10
6 g mol1. The eluting
solvent was 0.01 M tetrabutyl ammonium acetate in chlor-
oform:hexafluoroisopropanol (HFIP) (9:1 v/v) at 1 ml min1. The
GPC columns were calibrated with broad PET standards (American
Polymer Standards, USA). Samples were prepared by first dissolving
the PET in a 50:50 v/v chloroform:HFIP solution and diluting this
with the appropriate volume of chloroform to attain a 9:1 v/v chlor-
oform:HFIP ratio and a PET concentration of approximately
1 mg ml1. It has been shown that quantification and direct
comparisons of the Mw of the branched PET with its linear precursors
cannot be made by GPC, since the hydrodynamic volume of the
branched polymers is less than that of linear polymers with similar
Mws. Therefore the observed GPC Mw for branched polymers will be
an underestimate of (i) the actual Mw, and (ii) the width of the Mw
distribution.
The MFI was measured with a Tinius Olsen Plastometer according
to ASTM D1238 at 558 K with a load of 2.1 kg.
SAXS data were obtained on the DUBBLE beamline (BM26) at
the European Synchrotron Radiation Facility (Grenoble, France)
(Borsboom et al., 1998). An X-ray beam with a wavelength () of
1.24 A˚ (10 keV) was used and a sample-to-detector distance of 2.5 m
was selected providing a total scattering vector range of 0.01 < q <
0.13 A˚1 (q = 4sin /, where  is half the Bragg scattering angle
2). The Linkam CSS-450 shear cell (Linkam UK) was modified to be
purged with dry nitrogen gas for all experiments to minimize
hydrolysis of PET at elevated temperatures. A silver behenate stan-
dard was placed inside the shear cell to calibrate the scattering angle.
The temperature of the polymer samples inside the shear cell was
calibrated using a thermocouple placed within the molten polymer.
Samples were dried in a vacuum oven at 398 K for 8 h prior to SAXS
measurements. Samples were placed in the shear cell between
stainless steel plates fitted with mica windows with a distance of 500
10 mm between the plates. All experiments were conducted according
to the following protocol: samples were first melted at 573 K for 5 min
to remove previous thermal history, and then cooled at 30 K min1 to
553 K where a step shear was applied for 2 s at a shear rate of 53 s1.
Finally, samples were immediately cooled at 30 K min1 to the
crystallization temperature of 518 K where isothermal crystallization
proceeded. SAXS data were recorded for the molten polymers at the
melt temperature and time-resolved SAXS data were recorded
following the application of the step shear. The data analysis and
display package Fit2D was used extensively (Hammersley, 1998).
3. Results and discussion
Zero-shear isothermal crystallization of PET-A, B, C, D, E and Vafter
heating to 573 K for melting and then quenching to 518 K proceeded
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Table 1
PET sample compositions and comparison of GPC data with IV and MFI.
Reactive extrusion additives GPC results†
Sample PMDA‡ penta§ Mn Mw Mz Mp Mw/Mn IV (dm
3 g1) ( 0.01) MFI [g (10 min)1]
V No reactive extrusion — — — — — 0.76 23.6
A None None 21930 61080 94150 71810 2.79 0.73 36.2
B 0.15 None 22890 81670 151400 76030 3.57 0.87 13.3
C 0.15 5:1 23760 77590 145000 74990 3.27 0.86 —
D 0.35 5:1 21440 94590 235400 73390 4.41 1.02 —
E 0.4 5:1 21690 97120 243200 74990 4.48 1.06 9.9
‡ wt% of PMDA added in the reactive extrusion process. § Molar ratio of PMDA:pentaerythritol. † PET-B, C, D and E are branched polymers therefore GPC results are
underestimated. Mn is number average molecular weight, Mw is weight average molecular weight, Mz is z-average molecular weight, and Mp is peak average molecular weight.
too slowly to be observed in this series of experiments, with crystal-
lization times in excess of several hours required (results not shown).
The SAXS two-dimensional images for PET-A, B, C, D, E and V at
particular times after the step shear are shown in Fig. 1. PET-A and V
show isotropic crystallization behaviour (Fig. 2) with the application
of shear required to initiate crystallization as expected and a rate of
crystallization considerably faster than the observed zero-shear
isothermal crystallization at these temperatures. PET-A crystallized
faster than PET-V, which is a molecular weight effect and due to both
the smaller overall Mw of the PET chains and the broader Mw
distribution of the PET-A. During processing the polymer chains
undergo chain scission reactions resulting in a lower overall Mw as
well as a large increase in the small-chain components. These
components can fold and rearrange on a faster timescale, as well as
participate in secondary crystallization more easily than long-chain
molecules, being able to fold in a confined space either between
existing spherulites or interstitially between branch arms. Conversely,
the longer chains of PET-V restricted the ability of the polymer to
crystallize. At these temperatures there was sufficient molecular
motion to allow time for relaxation of the initial shear-induced
orientation leading to isotropic crystallization (Fig. 2).
PET-B, C, D and E have higher IVs, greater Mws as revealed by
GPC, and lower MFIs indicating significant increase in the Mw of the
polymer chains as well as increased branching. PET-B and PET-C
behaved similarly to one another but differently to the other PETs,
showing shear-oriented crystallization at the beginning of the crys-
tallization and finishing with almost isotropic scattering patterns
(Figs. 2 and 4). Compared to both PET-A and V, the crystallization
initiation occurred more quickly but overall crystallization at longer
times proceeded more slowly than the linear counterparts shown in
Fig. 3. Both PET-B and C followed the same crystallization pathways
shown by the shape of the curves in Fig. 3. Faster initiation of crys-
tallization is unexpected from the increased Mw of PET-B and C,
leading to faster nucleation of the string nuclei and therefore a
greater number of nucleation points within the samples. The balance
between the rate of crystallization and the molecular motion at the
crystallization temperatures allows sufficient relaxation for the
samples to form almost isotropic scattering. The IVs of PET-B and C
are very similar, although the GPC data suggest that PET-C is lower
in Mw than PET-B. The most likely scenario is that PET-C is slightly
more branched than PET-B and therefore the overall Mw of PET-C is
higher than that of PET-B.
Incarnato et al. (2000) found that the introduction of PMDA alone
by reactive extrusion introduced long-chain branching and broad-
ening of the Mw distribution. In a study by Forsythe et al. (2006) on
the rheological properties of reactively extruded PET, it was found
that the dominant process by addition of PMDA was chain extension
with minimal branching. It was shown that when penta was used in
conjunction with PMDA in the appropriate ratio, the introduction of
penta was responsible for the introduction of branch points. There-
fore in PET-B the introduction of branching was observed but chain
extension dominated, whereas PET-C has a higher number of branch
points from added penta but crystallized more slowly, which is
expected from the increase in Mw. The characteristic shape of the
scattering intensity versus time curves for both PET-B and C (Fig. 3)
shows that the shear initiated a rapid oriented crystallization followed
by slower isotropic crystallization, which indicates both samples have
branch points acting as nucleating sites. At low concentrations of
PMDA and penta, Forsythe et al. (2006) found that the major process
was still chain extension rather than branching, so PET-B and C are
most likely to have low numbers of branch points. The IVs of PET-B
and C are very similar, and although the GPC analysis showed the Mw
of PET-C to be lower, the crystallization kinetics implies that Mw is
higher. This can easily be explained by the fact that PET-C has a
higher number of long-chain branch points than PET-B. The orien-
tation function shown in Fig. 4 shows that both PET-B and C initially
crystallized with a high degree of orientation (i.e. low orientation
function) then as time progressed the samples became less oriented
conference papers
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Figure 1
Two-dimensional SAXS patterns (scattering vector range: 0 < q < 0.13 A˚1) of the
six different PET samples studied for shear-induced crystallization (time after step
shear given for each frame).
Figure 2
Variation of scattering intensity with azimuthal angle for the final frames of each
PET. Note: the plots have been offset for clarity with PET-A at the bottom and
PET-E at the top.
approaching an isotropic value of 1.0. It is also seen in Fig. 2 that the
degree of orientation change with azimuthal angle is almost constant,
although a slight preferred orientation is still observable under these
experimental conditions.
PET-D and E have the highest concentration of additives and
showed the fastest crystallization as well as the highest degree of
orientation. The high number of long-chain branch points provides a
very large number of shear-induced nucleation points. Crystallization
was accelerated to the point where, even at the high crystallization
temperature used in this study, the crystallization occurred too
rapidly to allow any relaxation of the polymer chains. The most
branched and highest Mw sample, PET-E, exhibited the highest
degree of orientation. Comparisons of the overall orientation
achieved by each sample at the end of the crystallization period are
shown by the scattering intensity versus azimuthal angle plots in Fig.
2. The orientation functions of PET-D and E (Fig. 4) initially (i.e. time
 70 s) show an increase (number greater than 1.0) followed by a
rapid decrease to a very low value that is reasonably constant with
time, indicating the development of the lamellae in a highly oriented
fashion. The initial increase in orientation function is due to the
equatorial streaking indicative of shish formation (Agarwal et al.,
2003) which dominates the scattering at the very early stages of
crystallization; this is very quickly exceeded by the scattering from
the crystallization of lamellae perpendicular to the shear direction.
The increased concentrations of additives in the reactive extrusion
process (i) produce a larger number of branch points and (ii) cause
increased chain extension to occur (Hanley et al., 2006; Forsythe et al.,
2006). The higher number of branch points and chain extension is
shown most clearly by the increase in IV. The trend of the observed
SAXS results was faster initiation of crystallization with increased IV
and more orientation in the final morphologies. These results show
that a higher Mw for PET-D and E clearly leads to a longer relaxation
time after the step shear due to an increased level of entanglements
between the polymer chains. Other research groups using polyolefins
have shown that high Mw chains, when oriented in this way, can have a
nucleating effect for the crystallization that follows resulting in
enhanced crystallization kinetics (Seki et al., 2002).
Previous studies of the branching of PET have shown branching to
affect the crystallization kinetics resulting in both more rapid crys-
tallization and slower crystallization (Bikiaris & Karayannidis, 2003;
Jayakannan & Ramakrishnan, 1999; Kint & Munoz-Guerra, 2003;
Rosu et al., 1997; Rosu et al., 1999; Scheirs & Long, 2003). It seems
that knowledge of branching alone is not sufficient to predict the
crystallization kinetics. Introduction of branching can slow kinetics,
but with an increased number of branch points and an increase in the
length of branches the kinetics become increasingly more rapid. The
degree of shear-induced orientation was, on the other hand, found to
be directly proportional to the IV. An increase in IV led to an
increase in the degree of orientation. It was also shown that in both
linear PET-A and V, and branched PET-B and C, an increase in Mw
lead to slower crystallization rates, but in the long-chain branched
PET-D and E an increase in Mw increased the rate of crystallization.
This suggests that there is a threshold which introduces a change in
the underlying mechanism of the crystallization, most likely attrib-
uted to the number of branches as well as the length of the branches
themselves.
The crystallization of the various PET samples was strongly
dependent on the PET properties. The highly branched, high Mw
PET-D and E have a very large degree of orientation induced by the
shear event, whereas the linear PET-A and V had isotropic crystal-
lization induced by the step shear (i.e. they crystallize more rapidly
than if allowed to crystallize isothermally without shear). In contrast,
the two intermediate PETs, PET-B and C, had orientation-induced
crystallization initially followed by isotropic crystallization.
PET-V was the starting linear polymer with a low Mw distribution.
The processed version of PET-V therefore was also a linear polymer
with lower Mw and broader Mw distribution. PET-B contained PMDA
alone and with a small number of branch points but predominantly
increased chain length. PET-C had lower chain length than PET-B, a
similar concentration of branch points but longer branches than PET-
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Figure 4
Change in orientation function with time following the step shear for the six PETs.
The orientation function is defined as the integrated intensity in the equatorial
direction divided by the integrated intensity in the meridional direction.
Figure 3
Total integrated scattering intensity as a function of time following the step shear.
B, and hence the overall Mw was similar for PET-B and C. Intro-
duction of both PMDA and penta gave hyperbranched structures.
PET-D and E are hyperbranched long-chain molecules with
increased number of branches with increasing PMDA and penta.
Overall it was found that the branch points acted as nucleation
sites with initiation of crystallization faster in all the branched
materials. However, with low numbers of branch points, the rate of
crystallization proceeded slower, in contrast to long-chain hyper-
branched PET samples where both initiation and progression of
crystallization were very rapid. This can be explained by the branch
points acting as nucleating sites, but then at low numbers of branch
points the crystallization proceeded at a rate that allowed relaxation
of the chains i.e. the observation that the crystallization then became
isotropic and the chain folding required for crystallization was
inhibited by the chain entanglements that have occurred as a result of
the initial shear-induced crystallization. Conversely, the hyper-
branched molecules with long-chain branching crystallized so rapidly
upon the application of shear that there is very little time for
relaxation, as evidenced by the degree of shear-induced orientation.
What has been observed was that the introduction of branch points
promoted crystallization and while in the linear chains the crystal-
lization was more rapid than without the step shear, it occurred
isotropically. The long-chain hyperbranched PET-D and E crystal-
lized very rapidly upon application of shear and substantial preferred
orientation resulted. The two intermediate PETs, PET-B and C, are
the most interesting where it was observed that two separate crys-
tallization processes were occurring. The initial crystallization
proceeded similarly to the more highly branched materials PET-D
and E, while at longer times the crystallization proceeded more like
the linear chain PETs PET-A and V. Conceptually, this phenomenon
is due to the parts of the chain adjacent to the branch points crys-
tallizing and forming relatively large crystallized objects. Then, the
remainder of the polymer chain has to crystallize, but it is hindered by
the already crystallized material. The chain-folding mechanism of the
entangled and partially crystallized chains then slows the crystal-
lization process significantly, although now the crystallization is
occurring in an isotropic fashion with a more regular spherulitic
growth pattern.
Polymer crystallization theory on the nucleation and growth
mechanisms for PET (Kaji, 2002; Nishida et al., 2004; Olmsted et al.,
1998) indicates that spinodal-assisted crystallization occurs through
regions within the molten polymer where polymer chains with longer
persistence lengths align to minimize excluded volume. These regions
have higher density that causes a bimodal liquid–liquid transition
driven by chain conformation and regional density variations that
give rise to spinodal-assisted crystallization. In a previous study on
quiescent crystallization (Hanley et al., 2006), it was suggested that
long-chain hyperbranched polyesters promoted crystallization by one
of three possibilities: (i) branch points acting as nucleating agents; (ii)
long-chain branching assisting crystallization by increasing spinodal
separation in the melt; or (iii) lower Mw fractions produced by the
reactive extrusion process shortening the half-time of crystallization.
The behaviour of PET-B and C indicates that (iii) can now be
discounted as a potential mechanism as the overall crystallization
half-time for these samples was actually increased, while (i) and (ii)
remain valid. In the case of long-chain branching, the branch points
would provide easy alignment points for more than one chain to align
and therefore increase the conformational density variations and
hence increase the potential for spinodal-assisted crystallization. The
application of shear would increase the likelihood of chain align-
ments in this case and therefore result in lower induction times and
more rapid crystallization.
4. Conclusion
Reactive extrusion of PET increased melt viscosity and had a large
influence on the shear-induced crystallization. The presence of long-
chain hyperbranched structures in the PET had a substantial impact
on zero-shear isothermal crystallization (Hanley et al., 2006), and this
effect was accelerated under shear. The degree of orientation induced
by the step shear was directly related to increased intrinsic viscosity
of the material. The kinetics observed in this study and the degree of
orientation achieved were strongly dependent on the type of PET
used. Linear PET-A and V exhibited shear-induced isotropic crys-
tallization that was slower with increasing Mw, while the reactive
extruded long-chain branched PET-D and E showed the opposite
trend, where increasing the Mw increased both the rate of crystal-
lization and the degree of induced orientation of the final product.
The intermediate PETs, PET-B and C, which have increased melt
viscosity in comparison to linear PET-A and V, have increased
kinetics and orientation initially but then proceed at a slower rate
than the linear PET. In summary, the findings from this study
establish that crystallization behaviours are critically dependent on
the PET molecular architecture. Consequently, the commercial
processing conditions for branched PET should be significantly
different to those required for conventional linear PET. Conversely,
branched PET would be capable of different processing regimes to
those accessible by standard linear PET grades.
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